cani and Snell (1948) to be rather resistant to the effect of canavanine. Further work by Snell, Prescott, and Kihara (1955) and Snell and Kihara (1957) showed that S. faecalis was capable of slowly breaking down canavanine via two distinct enzymatic systems.
We became interested in canavanine when we attempted to find levels of this amino acid to which S. faecalis var. liquefaciens would be susceptible. Our results showed that not only was it difficult to find such a concentration, but more important that this compound was exceedingly stimulatory to growth.
The research described in this paper was undertaken to determine the concentrations of canavanine that stimulate the growth of S. faecalis var. liquefaciens, and to investigate the mechanism for growth stimulation.
MATERIALS AND METHODS
The organism used throughout this study was S. faecalis var. liquefaciens strain 31. Stock cultures were maintained at -17 C in litmus milk. The incubation temperature for all experiments was 37 C.
Growth experiments were carried out in colorimeter tubes containing 10 ml of a synthetic medium (Rabin and Zimmerman, 1956) , to which the desired amounts of arginine and canavanine, or both, were added. Media were sterilized by autoclaving for 15 min at 120 C and 15 psi. Tubes of media were steamed for 15 min and allowed to cool to 37 C before inoculation. Unless otherwise specified, cells were grown in an atmosphere of 10% C02 in N2; preliminary experiments revealed better growth and more consistent results in the absence of air. Optical densities were determined with an Evelyn photoelectric colorimeter at a wavelength of 620 m,u.
Inocula for growth experiments consisted of 0.1 ml of a twice-washed cell suspension that had been grown for 18 hr in A-C broth (Rabin and Zimmerman, 1956 ).
Arginine dihydrolase (Hills, 1940) activity [consisting of an arginine desimidase (Oginsky and Gehrig, 1952a ) and a citrulline ureidase (Slade, 1953) ] was determined by measuring CO2 evolution by standard techniques of Warburg respirometry (Umbreit, Burris, and Stauffer, 1957) . A 1-ml sample of the synthetic medium (three times the concentration of the growth medium) was added to the main compartment of the flask along with substrate (arginine and canavanine, or both) at a concentration of 10-2 M (30 ,umoles in 3 ml). Lower concentrations of arginine were not used because the amount of CO2 produced would not be detectable. A 0.5-ml amount of a concentrated cell suspension (approximately 100 X growth inoculum) was added to the side arm, and the final volume in each flask was adjusted to 3 ml with distilled water. Carbon dioxide evolution was measured under an atmosphere of nitrogen. Endogenous CO2 evolution was subtracted from the reading at each time period. The flask constants used were calculated to compensate for the buffering capacity of the medium.
The L-arginine . HCl used in this study was obtained from the Nutritional Biochemicals Corp., Cleveland, Ohio. The L-canavanine-H2SO4 was supplied by Mann Fine Chemicals, Inc., New York, N.Y., and Calbiochem. Preliminary assays revealed that this effect of canavanine could be observed at concentrations that varied from 5 X 10-6 to 5 X 10-2 M, when the arginine concentration was held constant at 5 x 10-5 M. Although the extent of growth was always greater for all the concentrations of canavanine tested, an increased lag period that was most noticeable at concentrations above 5 X 10-3M was also introduced by the amino acid analogue. Gale (1945) found that the arginine dihydrolase system fulfilled the CO2 growth' requirement for S. faecalis; since our initial experiments were run under an atmosphere of air, our procedures were modified to test the effect of CO2 and N2. Figure 1 shows that the lag period may be substantially reduced by flushing tubes with N2 or 10% CO2 in N2; however, the lag period is not eliminated (compare curves A, B, and C with D). When growth was determined using only arginine, no rate differences occurred with respect to the three gaseous atmospheres tested. Figure 2 illustrates the effect of canavanine on total growth (24 hr of incubation). Several points should be noted with respect to these data. It is apparent that arginine is growth-limiting (see curve B) in the medium employed. Curve C shows that even canavanine, at high molarities, may support growth in the absenc' of arginine (Fig. 2) . (This may occur because arginine is present as an impurity, although the manufacturer's specifications, as well as our own VOL. 86, 1963 chromatographic analysis, showed the material to be free of arginine.) The actual stimulatory effect by canavanine at equimolar concentrations of arginine occurred at molarities ranging from 2.5 x 10-5 to 10-3. Concentrations below this range appeared to have no effect, and concentrations above this range appeared to be inhibitory.
Effect of canavanine on arginine dihydrolase activity. Hartman and Zimmerman (1960) found that proteinase biosynthesis by S. faecalis var. liquefaciens was stimulated by ornithine, an inhibitor of both citrulline ureidase (Oginsky, 1955) and arginine desimidase (Hartman and Zimmerman, 1960 ) of the arginine dihydrolase system. Hartman and Zimmerman (1960) proposed that, as a result of the ornithine inhibition, more arginine was available for enzyme synthesis. It was of interest to see if canavanine might exercise an analogous effect on growth via dihydrolase inhibition. Although both Oginsky and Gehrig (1952b) and Snell and Kihara (1957) had shown with cell-free extracts that the arginine dihydrolase system was inhibited by canavanine via the arginine desimidase reaction, Fig. 3 demonstrates that the inhibitory effect also takes place in intact cells; the rate of CO2 evolution was significantly decreased.
Growth stimulation by ornithine. The data presented so far in this paper indicate that canavanine stimulates growth and inhibits the arginine dihydrolase system. If a relationship exists between these two phenomena, then one should anticipate that ornithine, which also inhibits the arginine dihydrolase system, might also stimulate growth. Figure 4 shows that ornithine does stimu-TIME (MINUTES) late growth; however, there is not the increased lag period (compare Fig. 1 and 4 ) that accompanies canavanine stimulation. Ornithine in the absence of arginine yielded no growth. Effect of guanidine, homoserine, and ornithine on growth. To determine whether the stimulatory effect of canavanine was due to by-products of canavanine degradation, two of the possible enzymatic reactions involving canavanine that could occur in this organism were tested. These reactions are those involving the reductive cleavage of canavanine to guanidine and homoserine (Snell et al., 1955) , and the transamidination of canavanine with ornithine to yield canaline and arginine (Walker, 1958) . Although this latter reaction was not reported in S. faecalis, its products were tested, since ornithine is formed by the action of dihydrolase enzymes on arginine. The ornithine thus formed could then react with the canavanine to produce more arginine which could be used for growth.
The results of these experiments indicate that homoserine and guanidine (at concentrations of 5 X 10-3 M) do not stimulate growth in the presence of arginine as does canavanine. Growth stimulation was also not observed in the presence of canavanine and ornithine (at molarities of 5 X 103). DISCUSSION The data presented in this paper demonstrate that canavanine has a stimulatory effect on the extent of growth produced by S. faecalis var. liquefaciens. The possibility that canavanine or any of its products are acting directly as nutrilites to stimulate additional growth can be eliminated. For example, where equimolar concentrations of the amino acids are employed, the degree of stimulation incurred at 10-4 M far exceeds the amount of growth produced by both amino acids individually. In addition, it is at this level (10-4 M) that the amount of growth produced by arginine and canavanine together far exceeds the amount of growth anticipated if all of the canavanine were somehow to be converted to arginine; specifically, the amount of growth obtained at the 10-4 M level from arginine and canavanine is equivalent to the amount of growth obtained when the arginine concentration alone is increased 20 X.
It is possible to account for the mechanism of stimulation if it is assumed that inhibition of arginine dihydrolase activity leads to an increased amount of arginine available for protein synthesis. Hartman and Zimmerman (1960) suggested a similar mechanism to explain increased synthesis of a proteinase in the presence of ornithine. In this connection, ornithine also stimulated growth, thus giving more credence to the hypothesis that one of the main functions of the arginine dihydrolase system in this organism, in addition to the generation of high-energy phosphate (Knivett, 1954) , is to regulate the extent of protein synthesis.
We do not know yet the ultimate fate of the canavanine. The increasing lag period that results from the higher concentrations of canavanine may reflect an inhibition that is eventually overcome through breakdown or possible incorporation.
